Insights on the design of free-spanning pipelines M. Drago The design of free-spanning pipelines is performed with the aim of ensuring their integrity against permanent loads generated by seabed roughness, functional loads induced by internal pressure and temperature, and dynamic loads induced by marine currents and direct wave action. In particular, a load and resistance factored design is applied that focuses on extreme environmental loads, and a fatigue limit state approach is applied as a consequence of free-span dynamics due to vortex shedding-induced vibration and direct wave action. The pipeline freespan scenario can be permanent, when generated by seabed roughness, or characterized by short-to longterm evolution, when generated by seabed mobility and scouring in shallow waters. Free-span analysis is generally a task involving a number of disciplines and should be carried out using a multidisciplinary approach. The paper illustrates various themes related to free-span analysis: (i) free-span scenarios, (ii) characterization of the environment from deep to shallow water related to proper seabed properties, (iii) hydrodynamic load regimes, (iv) pipeline freespan design assessment aiming to reduce overstress and fatigue damage, (v) erodible seabed mobility and local scour, and (vi) some experiences of inspection surveys chosen as representative of a free-spanning pipeline in sandy soils.
Introduction
In many deep-water pipeline projects, and also in intermediate water in harsh environments, free spans are one of the major challenges. The complex combination of uneven/erodible seabed and near-seabed hydrodynamics potentially leads to very expensive span intervention works. In order to minimize the related costs, a large focus towards free-span interpretation and vortex-induced vibration (VIV) with associated fatigue damage has been developed during the past decades. The pipeline free-span scenario can be permanent, when generated by seabed roughness (figure 1a) or by artificial supports for pipeline crossing (figure 1c), or characterized by shortto long-term evolution, when generated by seabed mobility and scouring in shallow waters (figure 1b).
Cases of severe seabed roughness can be encountered, for instance in the Norwegian fjords [1] , the Arctic and subarctic areas such as the northern part of the North Sea and the Baltic Sea. A feature of these regions, as illustrated in figure 2a, is a seabed characterized by quite severe unevenness generated in previous geological eras by the migration of icebergs, which, dragging along the seabed, generated deep and large 'scars'. This is the scenario encountered for instance along the Northern Leg of the Langeled project and a potential challenge for the future Shtokman development.
Quite severe seabed roughness can also be encountered in tropical areas (figure 2b). Seabed roughness in the continental shelf is generated by subsequent levels of carbonate outcrops of old coralline barriers. In the same area, the coralline barrier might be present at the edge of the shelf, representing a sharp transition (break) between the shelf and the upper continental slope. Many ongoing or near-future field developments in various offshore areas, such as Indonesia and East Africa, require pipelines to export the product from the field located in the lowest part of the continental slope to the shore. These routes need to cross the sharp shelf break, thus requiring challenging intervention works and/or managing long and severe free spans (figure 2c). The continental slope itself is typically an area characterized by seabed roughness generated by various evolution dynamics due to the sediments carried by rivers that gradually accumulated on the slope and then were further modelled by gravitational movements (landslides, mud flows, etc.). A milestone project particularly challenging in this respect is the Blue Stream in the Black Sea (figure 2d) [2] .
In addition, there are also conditions in which the free-span configuration can modify during the operating life, thus generating an additional issue into free-span integrity management. One typical case is that of sand waves, like those encountered for instance along the Zeepipe, Norfra and Southern Leg of the Langeled project [3] . Other free-span scenarios are those related to pipe-soil interaction and scouring in shallow waters [4, 5] .
Pipelines resting on a sandy seabed in shallow to intermediate water, despite having no free spans in the as-laid configuration, can develop scouring-induced free spans, which cannot be deterministically assessed due to the stochastic micro-variability in space of the seabed and in time of the environment (wave and current). This prevents a standard approach to pipeline design and installation, requires one to look at the actual conditions and imposes a statistical assessment of the possible future pipe-seabed configuration scenarios. Depending on the outcomes of the study, the pipeline may need to be trenched soon after laying, when a very short fatigue life is assessed, or an adequate pipeline inspection should be planned, when the probability of occurrence of unacceptable fatigue loads is marginal.
Understanding the flow that waves and currents induce around these pipelines is critical in assessing the loads that they experience and in identifying necessary measures to ensure stability and safety.
The hydrodynamics around a cylinder placed far from a (rigid) wall is completely different from the hydrodynamics around a cylinder touching a wall. The characteristics of the vortex shedding from the cylinder and the ensemble-averaged flow fields were found to be strongly dependent on the gap ratio between the cylinder and the seabed. The wall first influences the flow as a solid boundary inhibiting normal velocities, and then as a surface along which a boundary layer grows [6] . Moreover, it has been found that regular vortex shedding from a cylinder near a plane wall is suppressed when the gap is less than a certain value. Some of the first investigations [7, 8] examined the forces on a cylinder near a plane boundary in a sinusoidally oscillating fluid. Williamson [9] provided a good description of the flow around a wall-free cylinder in oscillatory flows. Tatsuno & Bearman [10] , Sumer et al. [11] and Sumer & Fredsøe [12] provided a fundamental contribution to understanding complex pipe-flow interactions in various flow regimes with sinusoidal forcing.
The hydrodynamics around a cylinder placed on an erodible seabed increases the complexity of the fluid-pipe interaction. However, research on pipe stability [13, 14] showed that free spans can be beneficial for pipeline stability. The formation of a free span can lead to natural self-burial or sinking of the pipeline into the scour hole.
Flow around pipelines in a steady current and under waves has been investigated extensively in the past few decades. Most of the studies on local scour below pipelines were concerned with the so-called two-dimensional scour. Scour induced by waves and combined waves/current has been widely studied and is relatively well understood. This includes the onset of scour [15, 16] , equilibrium scour depth [17] [18] [19] , time scale of local scour [20] and three-dimensional scour [21] [22] [23] . A comprehensive review on the mechanics of scour is available in [24] , which summarizes both research results and practical findings to provide engineers and researchers with the fundamentals of scour.
In the 1970s, pipelines laid at a water depth where surface wave action was still significant were used in order to be buried; exposure to wave loads or potential hydroplastic phenomena were definitely avoided [25] . In the case of deep-water pipelines, the analysis procedure was limited to the identification of the maximum free-span length referred to a 100 years return period design current in order to make negligible the risk of tuning of vortex shedding. The so-called 'no oscillation' approach was due to the fact that in most cases a resulting cross-flow oscillation of the order of one diameter of amplitude was unacceptable [26] . The early 1980s saw the issue of more comprehensive guidelines, including the concept of synchronization of vortex shedding with oscillation in the direction of the current [27] . The first time this criterion was applied to a submarine pipeline, it proved to be the one steering the determination of the limit length, at the same time showing that pre-existing situations of pipelines laid on an irregular seabed would have to be redesigned in some way as they did not comply with the acceptability criteria [26] .
In the following decades, in situ stability and long-term integrity of offshore pipelines across active seabeds became topical. A number of joint industry projects were addressed to freespanning pipeline design and extensive experimental campaigns were undertaken by different European hydraulic laboratories. The issue currently in force for free-spanning pipelines is dated February 2006 [28] . The sections regarding free-span analysis and in-line VIV fatigue analyses are based on the published results (see [29] [30] [31] [32] [33] [34] among others).
The paper illustrates various themes related to free-span analysis: (i) free-span scenarios, (ii) characterization of the environment from deep to shallow water related to proper seabed properties, (iii) hydrodynamic load regimes, (iv) pipeline free-span design assessment aiming to reduce overstress and fatigue damage, (v) erodible seabed mobility and local scour, and (vi) some experiences of inspection survey chosen as representative of a free-spanning pipeline in sandy soils.
Pipeline free-span scenarios and environmental loads
Sea bottom morphology exhibits a large variability: (i) flat, almost featureless situations with little or no evolution over the short and long terms, (ii) uneven, passive undulations due to semipermanent bedforms like large sand ridges, pockmarks, relict iceberg scars, palaeo-channels, isolated or random rocky outcrops, and (iii) active, morphodynamics due to either the presence of active bedforms, i.e. bottom structures that evolve and migrate under the actions of waves and currents, like sand ripples and sand waves, or the erosion/deposition of sediments caused by the action of sea currents and waves, as commonly occurring in nearshore areas, where both the shoreline and the bathymetry exhibit modifications, regular or irregular both in time and in space [35, 36] .
The variability of the bearing or containment provided by active soil, activated by loading effects from near-bottom hydrodynamics or service loads, may cause additional working conditions for a pipeline, which is moved to interact with varying (in time and in space) boundaries/soils. We will refer to different scenarios:
-Pipelines crossing active seabeds. The undulations of mega-ripples and sand waves are not necessarily permanent during the operating life. Bedform migration can be anticipated, and the bed-line for the pipeline should be defined in such a way as to minimize the risk of pipe exposure and suspension. This is a risk across sandy seabeds in shallow waters, which can be managed due to a time scale, years, which enables mitigation works. In coastal regions, the morphodynamics can be worse due to a faster time scale, weeks, for which the pipe burial is to be completed just after laying to avoid unexpected pipeline exposure to severe near-bottom hydrodynamics. In terms of pipe-soil interaction, sand is a good bearing soil, geotechnical embedment is minor and only underneath erosion can provide changes in equilibrium and state of stress. -Exposed pipelines affected by local, near pipeline, seabed erosion. In sandy seabeds and shallow to medium water depths, scouring in the proximity of and under the pipeline can develop even in the short run. Self-lowering or free spanning is the outcome. Where current is dominant, modifications are not fast except in the presence of considerable tidal currents; should wave-induced conditions be relevant, modifications can be fast and temporary exposure of long free spans to cross-flows during a single wave storm may cause severe pipeline vibration, often unacceptable for overstresses and cumulative fatigue damage. This is a risk across sandy seabeds, in particular where the sand layer is not thick, the of export from deep-water production, resting on soft soil affected by seismic activity and susceptible to impact from geo-hazards. In terms of pipe-soil interaction, a number of efforts have been and are currently being made to understand the load conditions imposed by impacting plastic flows, but it is far more important to define the potential trajectories of the flows with the aim to define pipeline routes that minimize the potential interference of events with impact angle close to the perpendicular to the pipeline. This is a new field of research that is going to be energized by a number of field developments that are expected in imminent projects to face the difficulties of routing export pipelines across very uneven bottom roughness and unstable slopes potentially triggering mass flows and turbidities.
The near-seabed environment is very complex from a fluid-dynamic point of view. The boundary layer at the seabed-water interface is driven by bottom roughness, which can be smooth or uneven, and kind of flow, which can be almost steady current, unsteady current or oscillatory waves. Environmental conditions cover different phenomena, which may contribute to structural damage or operational disturbances as well as seabed characteristics. Wave conditions to be considered for structural design purposes may be described either by deterministic design wave methods or by stochastic methods applying wave spectra. For the quasi-static response of structures, it is sufficient to use deterministic regular waves characterized by wave height and corresponding wave period. Structures with significant dynamic response require stochastic modelling of the sea surface and its kinematics by time series. The interaction between waves and current gives rise to a complex fluid-pipeline interaction. The current can cause (i) VIV, (ii) an increase in drag and lift forces and (iii) seabed scouring around submarine pipelines. Theoretical modelling allows investigation in detail of the phenomena occurring close to the interface and provides explanations for causes and consequences of events. But very often, owing to its complexity, it has no practical application in engineering. Usually, simplified semi-empirical interpretative models are applied. Semi-empirical models, having a strong feedback from theoretical models, try to quantify and express in formulae the outcome of experimental tests.
Near-seabed flow conditions and load regimes around free-spanning pipeline
Impinging flow conditions that a pipeline resting, more or less continuously, on the seabed can experience are in general due to steady-more or less turbulent-currents of tidal, barotropic, storm surge or density nature, therefore characterized by a time scale of variation of some hours, combined with oscillatory flows due to perturbation to the water column caused by travelling surface waves, characterized by a time scale of variation of 10-20 s. One can make the following straightforward assumptions:
-In deep waters, where 'deep' here means that the surface waves are not able to produce any significant perturbation at the seabed, steady currents are relevant flow conditions impacting on the pipeline. -In shallow-to-medium water depths, oscillatory and steady components of the impacting velocity may be contemporary or not. Correlation between waves and currents can influence either the combination of extreme events for both waves and currents or even the ordinary near-seabed flow conditions. Unfortunately, a measure of the correlation is hardly quantifiable at the design stage and, therefore, is not used in the design process. Conservative assumptions are generally applied, as for instance proposed in [37] for extreme conditions. A series of extensive experimental activities performed in both laboratory and field conditions have allowed hydrodynamic researchers to classify flow conditions impacting on a near-seabed pipeline as a function of the parameter α, expressing the ratio between steady current (U c ) and the steady current plus oscillatory flow (U c + U w ), particularly: It is necessary to formulate one or more models capable of describing the correlation between flow condition and hydrodynamic loads that will impact on the pipeline, first keeping any interference with the seabed out of consideration.
Here below, load regimes are described as a function of α, assuming that the oscillatory flows are harmonic. In real life, oscillatory flows due to waves are of random nature. For each sea state, the random sequence of wave heights corresponds to a random sequence of near-seabed orbital oscillations. Therefore, it is difficult to make a choice about a characteristic α to be considered in the superposition of steady currents over wave-induced velocities. The sequence of velocity cycles may affect the hydrodynamic loads acting on the pipeline. Either single oscillation-based or characteristic oscillation-based α parameters are applicable. For design purposes, it can be proposed to use both values: (i) the single oscillation-based α is applicable for fatigue analysis based on decomposition of sea states envisaged during the pipeline lifetime in single waves; (ii) the characteristic oscillation-based α, where a characteristic oscillation is assumed as the significant cyclic velocity associated with each sea state, is applicable for fatigue special analysis. The following can be assumed:
-For both wave and current dominant conditions, the impinging flow gives rise to both cross-flow and in-line loads acting on the pipeline. -For α ranging from 0 to 1/2, here above classified as pure wave and wave superimposed by current condition, the following hold.
(i) In-line loads can be described according to the Morison model, provided that drag and lift coefficients are relevant to test conditions for which the orbit of particles was almost flat, as occurs near the seabed. Loads are due to the oscillations of the relative velocity between the impacting flow and the pipe response, and there is no or, better, negligible in-line excitation from vortex shedding. (ii) Cross-flow loads are due to one main mechanism: the development and the asymmetric shedding of vortices during each half-cycle. Force or response models interpreting such load and response have been developed and are available; however, no specific formulation has received a general consensus. For instance, Det Norske Veritas [37] supplies response amplitude curves as a function of α, reduced velocity (VR) and KC numbers. However, the influence from the wall proximity effects and the frequency of the excitation mechanism, as well as the influence of random versus harmonic oscillatory flow conditions, are not clear.
-For α ranging from 1/2 to 2/3, here above classified as current superimposed by wave condition, till α = 4/5, the concepts and models applied in the previous item (α ranging from 0 to 1/2) are still applicable, but with a considerable variation of relevant coefficient of force models or response amplitudes. Particularly the following must be considered.
(i) In-line loads are now unidirectional and more relevant to the velocity squared term of the Morison formula than to the acceleration component. Loads are still due to oscillation of the impacting velocity, and negligible in-line excitation from vortex shedding is foreseen. (ii) Cross-flow loads due to vortex shedding are approaching a condition resembling the steady current response for α ∼ 2/3. Response amplitude curves for the relevant α, VR and KC parameters from Det Norske Veritas [37] are a unique reference.
-For α > 4/5, new considerations should be made, as follows.
(i) In-line loads comprise the following: -a steady component due to the drag force from the impacting current, -an oscillatory component due to the regular vortex shedding tuned on a natural frequency of the free span. Both can be dealt with by traditional approaches accounting for findings from joint industry projects (JIPs) GUDESP [38] and MULTISPAN [29] (implemented in [37] ), as far as response amplitudes and relevant parameters are concerned. (ii) Cross-flow loads are cyclic due to vortex shedding. They can be dealt with using a traditional response model also including findings from MULTISPAN as for 'onset' of oscillations, implemented in [37] .
Here above, no consideration was given to the wall proximity effect. In general, the interference between the flow separation from the cylinder wall and the boundary layer on the seafloor causes the following:
-a significant reduction of the amplitude of vortex shedding-induced oscillations in steady current conditions (α > 4/5) until they are cancelled at very small gap ratios (less than 0.3 external diameter); -significant vertical oscillations under oscillatory flow conditions (α < 1/2) particularly for gap ratio less than the external diameter, at a frequency twice the wave frequency, for which the variation of instantaneous lift force coefficients versus flow velocity is the driving mechanism; and -the increase in the streamwise forces due to both steady and oscillatory flows, because of the anticipation of flow separation from the top wall of the pipeline and the consequent increase of drag coefficients as a consequence of the flow asymmetry created by the wall.
Moreover, the roughness of the sea bottom, which could be relevant where the flat bottom has been modified due to sediment transport or the bottom is uneven, creates turbulence, which could strongly influence the velocity profile upstream of the pipeline and the consequent hydrodynamic loads acting on the pipeline. A comprehensive review of the subject topic is given in [12] . In engineering practice, load regimes are described using equations or predictive models capable of reproducing the loading process, which resemble at best records from field or laboratory tests. Predictive models are proposed in guidelines and codes. Purpose-developed predictive models and relevant coefficients are given in [12, 28, 37] . In particular:
-in-line loads (force model) due to steady or oscillatory flows are predicted using the Morison equation; recommended drag and inertia coefficients are given as a function of the KC number, α and e/D (seabed proximity) ratio; -cross-flow vibration (response model) due to steady or oscillatory flows is given as a function of VR, KC number and α parameter; and -in-line vibration (response model) due to steady flow (α > 4/5) is given as a function of VR, free stream turbulence and e/D (seabed proximity) ratio.
Pipeline affected by local seabed erosion
In the case of pipelines crossing one another or seabed unevenness, the location where the span occurs are fixed and properly managed by routing analysis, but when the pipeline is laid on erodible seabed a span may exist in most locations. When a span develops due to scour, it may change in location and time. Understanding of the scour mechanism, its generation (i.e. onset of scour) and its development is critical in assessing the loads that a pipeline can experience during its operative life.
(a) The onset of scour flow tends to drag sand particles and, if sufficiently large, is able to wash away the sand beneath the pipeline, originating the onset of scouring underneath the pipe itself. The onset of scour is well described in [16] . Stills from a videotaped sequence of increasing wave passing above an erodible seabed are shown in figure 4 . The onset of scour occurs when the third wave passes above the pipeline. A video is available in the electronic supplementary material (video 1. Animation of the onset of scour).
Scouring occurs when the pressure gradient between the two sides of the pipe exceeds the stabilizing forces that keep sediment in place, i.e. gravity and grain friction. Quite obviously, the pressure gradient increases for decreasing relative embedment, as the distance (in length) over which the pressure difference is exerted becomes smaller. One of the key parameters for scour inception is the critical embedment, above which no scour is expected. In the case of current the period for which the pipeline is exposed to critical pressure gradient forces is quite long, whereas for waves the pressure gradient necessary for the onset of scour is available for a very short period of time, O(0.5 s) [24] .
The role of the vortex structure around the pipe has been discussed qualitatively in [16, 39] and assumed to have a minor influence on erosion. The vortical structures that dominate the flow around the cylinder generate sweeps and ejections. Ejections contribute to sustain the lift-off of particles from the seabed, while sweeps contribute to particles approaching the seabed [40] .
In the initial stage of scour, the gap between the pipe and the seabed is very small, i.e. e D (e is the pipe embedment). During this stage, a substantial amount of water moving underneath the pipe causes water-sand mixture to divert to the gap (the so-called 'tunnelling'). The scour under the pipe occurs very violently considering that a factor of 4 increase in the bed shear stress causes a factor of 8 increase in the sediment transport. The tunnelling progressively reduces until an equilibrium condition is reached, i.e. the bed shear stress along the bed becomes constant and equal to the undisturbed value. The final stage of scour is basically characterized by the vortex shedding, i.e. the so-called lee-wake erosion. Two videos showing the tunnelling and the lee-wake erosion for a test case are available in the electronic supplementary material (video 2. Animation of tunnel erosion; video 3. Animation of lee-wake erosion) (animations have been extracted from scour experiments conducted by Mattioli et al. [41] ).
(b) Free-span development
The onset of scouring under a pipeline could lead either to rapid pipe self-lowering or to freespan formation, evolution and persistence up to several years. If the flow is largely overcritical, then the onset of scour could occur under long stretches of pipeline causing pipe self-lowering; if it is only locally overcritical, then the onset of scouring leads to free-span generation. Once the free span is generated, it will propagate along the pipeline. This is due to the flow that is now able to pass below the pipeline, is increased at the span ends and tends to remove sediment at the span shoulders. The length increase in the free span causes a deflection of the unsupported section of the pipeline that tends to sag into the scour hole. Consequently, the pipe becomes more and more sheltered and its impact on the free flow decreases. This process ends when the decreasing flow below the pipeline is no longer able to increase the scour depth and the pipe finally touches the bottom of the scour hole. At this point, a backfilling of the scour hole starts, causing the burial of the previously unsupported section of the pipe.
The factors that help pipe self-lowering are a low pipe embedment into the soil, a shallow water depth, i.e. a large wave action at the sea bottom, and a large sediment mobility, i.e. absence of cohesive material (clay) and of very large grain size sediments. Conversely, a relatively low wave and current action at the sea bottom and low sediment mobility favour the formation and the long duration of free spans. These two phenomena are often mutually exclusive and determine the typical evolution of the pipe-seabed configuration, i.e. the occurrence of a fast pipe self-lowering could cancel any free-span condition, while the presence of a free-spanning configuration is often associated with slow and limited pipe self-lowering.
The evolution of free spans can be divided into two large classes:
-Free spans that disappear within a single storm (scenario B(a) in figure 5 ), owing to failure of the support at the shoulders, without achieving full development. Owing to their short lifetime, they do not experience significant fatigue accumulation and usually do not pose design constraints. This scenario is typical of seasonal wave climate; the occurrence of seasonal storm condition overlaps the free-span development. -Free spans that develop until touchdown occurs, due to the deflection caused by their own weight (scenario B(b)-C in figure 5 ). Given their length and persistence, they could accumulate fatigue damage with potential danger for pipeline integrity. It is observed that this encompasses a rather wide class, ranging from the situation with a free span surviving weeks to months (low-diameter pipeline in shallow water with significant wave activity) to the situation with such slow evolution-and alternations between backfilling and erosion periods-that free spans are almost permanent (large pipelines in deep, current-dominated environment; figure 6 ). This scenario is typical of moderate wave climate characterized by the occurrence of intense storms that induce scour and free-span development.
Obviously, intermediate situations of transition between these two extremes occur. It should also be mentioned that both phenomena could occur at the same location at different stages of pipeline life. Initially, when pipeline embedment is low, pipe self-lowering could dominate. This causes a progressive increase in pipe embedment up to a level such that the onset of scour can occur only locally, leading to the formation of persistent free spans. The evolution of a free span can be analysed by considering separately the transverse and longitudinal development of the scour hole. The scour evolution in the transverse direction can be evaluated as an exponential trend towards the maximum equilibrium scour depth. The time scale of this exponential evolution in empirically estimated in [20, 42] , while the equilibrium scour depth is given in [22, 24, 43] for steady current conditions, and in [24, 44, 45] for waves plus current conditions. The longitudinal scour development refers to the length evolution of the free spans, resulting from the progressive erosion at the span shoulders. Empirical formulae for the longitudinal scour celerity are analysed in [44] . The unsupported sections of the pipeline tend to deflect and sag into the scour hole, owing to the weight of the pipe itself. The deflection increases with increasing span length, until the pipe touches the bottom of the scour hole. From this point onward, the scour hole will be backfilled and the pipeline section undergoes a burial process. Formulae for pipe deflection are given in [28] . Pipeline sagging is the main mechanism leading to the disappearance of free spans, but the time scale of its occurrence has a very wide range.
(c) Metocean conditions as driving factor
Many of the developing scenarios could pose concerns about pipe fatigue depending on exposure, suspension time interval and site climate conditions. Hence, for a reliable pipeline design crossing erodible seabed areas possibly affected by onset of scouring, it is necessary to have a tool able to screen these various alternatives.
From the above description, the evaluation of free-span formation and evolution on an erodible bottom requires due consideration of the following main phenomena: (i) tunnelling and/or onset of scouring, (ii) pipe self-lowering, (iii) free-span formation/development, (iv) backfilling of the scour hole, (v) unsupported pipeline sagging, (vi) pipeline self-burial, (vii) upstream backfilling and (viii) leeside erosion.
In this, a realistic sequence of metocean (meteorological and oceanographic) conditions at the site is the driving factor. The availability of measured wave and current time series is a good starting point. Anyway, it is now widely recognized that different sequences of metocean events can lead to a certain variability of the reference scenario. This issue can be faced by reconstructing realistic time series having the same overall statistics as the original one but where the sequence of events is stochastically determined. In the past decade, long hindcasted time series having the statistical properties of the site under consideration have become available for most of the world ocean. This time series can be statistically analysed and used to produce a few years long time series for the probabilistic assessment of the possible scouring/free-span scenario and of its possible variability in the near future.
A procedure for the reconstruction of time series has been developed [46] . It is based on the subdivision of the waves and residual current time series into a sequence of storms and calm events. The tidal current component is extracted from total current by performing a harmonic analysis. Marginal extreme distributions of intensity and conditional probability of duration and direction are defined for storms and calms. Time series are reconstructed by random extraction from the distributions obtained from site-specific time histories of storm/calm persistence and sequences. Then the tidal current is added again to the residual current. The use of a number of time series is adopted to allow for a statistical prediction of the outcome of such a nonlinear process. The impact of metocean events on the time scale of processes may be relevant. A semi-empirical model implementing the above phenomena has been developed with the aim of providing a screening assessment of the possible occurrence and evolution of scouring phenomena for a pipeline crossing sandy erodible areas [46] . The flow chart of the above methodology is given in figure 7a .
Once the time history of the free span is evaluated with the above approach, the fatigue analysis can be carried out considering the effects of VIV and the oscillatory wave action, as indicated in [28] . A fully integrated approach taking into account (i) eigenvalue analysis, (ii) response analysis and (iii) long-term fatigue damage calculation has been developed by Drago et al. [46] . The flow chart is shown in figure 7b, whereas figure 8 reports an example of the results obtained for a 48 inch pipeline in the Southern North Sea.
In the following, some results of the model are reported for a large-diameter pipeline averaged over the number of simulations (1 for hindcasted, 20 for reconstructed) of minimum (E min ) and maximum (E max ) embedment and the value averaged over the number of occurred free spans (N) of free-span length (L) and total duration (Dur) are reported in table 1.
A rather good agreement is found and only a slight overestimation of the minimum embedment E min appears using the reconstructed time series. This demonstrates that 'on average' the reconstructed time series produce results in accordance to the hindcasted time series, but reconstructed time series provide a larger test case database on which extreme or low-probability occurrences can be detected. Figure 9 shows total duration of free spans and durations of free spans over selected length thresholds for the water depth 35 m obtained with the reconstructed time series and compared with the results obtained with the hindcasted ones. It can be noted that, even if the results with the hindcasted series are close to the average values obtained by the reconstruction, the range of variability of the reconstruction is much wider and provides a statistically more significant sample.
Differently from permanent free spans caused by sea bottom unevenness, the evaluation of the fatigue accumulated by an evolving free span should be calculated considering the actual environment causing its development. In fact, as can be seen in figure 8 , the main part of the fatigue is accumulated during the last part of its life when its length is maximum and caused spans occurred, N) , hindcasted and reconstructed minimum (E min ) and maximum (E max ) embedment, the free-span length (L) and total duration (Dur). WD = water depth.
hindcasted reconstructed by the same storm causing its disappearance, i.e. fatigue accumulation and storm occurrence are strictly correlated in time. Hence, fatigue is not directly correlated to free-span persistence, and applying a pure statistical climate during the whole free-span lifetime, which would provide larger fatigue for longer persistent free spans, could result in fatigue overestimation for slowly evolving free spans [46] . On the contrary, shorter-duration free spans, but subject to large hydrodynamic loads during the latter part of their life, could be more critical than long-duration free spans in mild conditions and fatigue damage in this case could be underestimated. Since large storm events cause the greatest component of fatigue damage and also tend to rapidly lengthen the free span, the overall duration of the free span could not be directly correlated to the amount of fatigue damage accumulated. This is demonstrated in figure 10 , which for the 20 m water depth case shows the scatter diagram of the accumulated fatigue versus the free-span total duration (a) and the persistence above 60 m length (b). It can be noted that there is not a definite correlation between the total free-span duration and the fatigue damage (figure 10a). On the other hand, the main part of the free spans that accumulated unacceptable fatigue damage had persistence above 60 m shorter than 30 days, while those with persistence longer than 100 days accumulated relatively low fatigue damage (figure 10b). This indicates that if a relatively mild climate occurs when a free span reaches a length of about 50-60 m, it can persist for a long time without accumulating large fatigue damage. Conversely, if large storm events occur, then the free span could accumulate unacceptable fatigue damage in a very short time and disappear for self-lowering during the same storm event.
The usual assessment of the fatigue damage for a free span is performed by evaluating how long a free span of a certain length can remain exposed to wave and current action, considered with their occurrence probability, before accumulating unacceptable damage. This methodology, applied to scouring-induced free spans, would obviously lead to the assessment that the free spans with longer persistence over a certain length are those that will accumulate greater damage. Therefore, it can be concluded that the assessment of fatigue damage for scouring-induced free spans should be carried out in parallel with the calculation of their evolution. A correct approach should be to statistically analyse the accumulated fatigue of all the free spans observed in the simulations and to extrapolate the probability to reach unacceptable fatigue damage, which should be compared with a reference acceptability threshold defined for the project (which can depend on many factors, such as remoteness of the location, possibility of inspection, etc.). For the analysed test case, a three-parameter Weibull distribution (figure 11) has been fitted to the accumulated fatigue of all the occurred free spans in the twenty 6-years long simulations.
From the distribution, it can be assessed that the resulting probability of exceeding the allowable fatigue limit of 1 in the 20 years design life of the pipeline is about 10%. Comparing this result with the maximum accumulated fatigue of 0.25 obtained with the hindcasted time series, it can be deduced that the adopted methodology is effective for investigating the issue of pipeline fatigue damage for scour-induced free spans, helping the engineer in the design concept and decisions and being a valuable tool for a rational and adequate inspection survey planning.
Pipeline free-span design approach
Free-span management starts at the early project phases including pre-engineering survey, design and construction, and continues throughout the whole operating life. The pre-engineering survey and its interpretation are the first steps of a rational, technical and cost-effective free-span integrity management. A detailed three-dimensional representation of the seabed and a characterization of the shallow sediments are factors for a reliable assessment of the free-span configuration. In addition, the collection of current and wave data, the investigation of sand-wave mobility (when applicable) and the assessment of scouring potential are also to be covered in the pre-engineering and early engineering phases.
The design phase is the core of the free-span integrity management. The design objective is to assess the free-span scenario by using state-of-the-art predictive models and define the actions to be undertaken during construction and during the operating life to ensure integrity according to the target safety requirements.
During construction, a number of actions should be undertaken, to ensure the as-installed pipeline and as-built intervention works satisfy the design requirements. This includes specific requirements of lay tension control, tight positioning and touchdown point monitoring, and intervention work construction tolerances.
Free-span integrity management continues throughout the whole operating life. A proper inspection and management plan needs to be developed as part of and following the design philosophy. When free spans are generated by the seabed roughness and no particular tendency of seabed modification is envisaged, the inspection is just supposed to check for any trace of accidental events that might jeopardize the integrity of the free-spanning pipeline. Conversely, the inspection can play an active role in those cases where the seabed or pipe/seabed configuration are prone to modifications, such as in the presence of mobile sand waves or scouring phenomena. Throughout all the integrity management, state-of-the-art survey and analysis tools are the key factor for a reliable assessment of the actual free-span condition and evaluation of free-span state of stress and residual fatigue life.
The Det Norske Veritas Recommended Practice [28] reflects the results from the various R&D studies and JIPs performed in the past three decades, providing the basis for the development of accurate structural response models referring to three-dimensional bottom roughness data and shallow soil characterization. Today, there are a considerable number of free-spanning pipelines in satisfactory operation, testifying to the adequacy of design prediction versus actual pipe configuration, and thus proving the robustness of design criteria, analysis methods and engineering tools as well.
The outcome of the R&D efforts and project experiences of more than 30 years as concerns design criteria and analysis methodology have been implemented into a full set of computer programs, covering all the relevant aspects of the free span. These programs constitute a package of interfaced modules with fully compatible input/output. The main modules are the following: (i) pipeline routing module, (ii) on-bottom roughness module, (iii) modal analysis module, (iv) pipeline dynamic response, and (v) fatigue assessment module.
(a) Route selection and optimization
A detailed route optimization is necessary to minimize free spans and stress on the pipeline and reduce the need for mitigation works. Key factors in an efficient search for the optimum route are a detailed mapping of the seabed, and efficient tools for the preparation and processing of a digital terrain model, drawing curved routes and in-place stress analyses of the pipeline.
Routing software has been developed with the aim at providing efficient assistance to the pipeline designer to handle bathymetric data and other data delivered from the survey, and to design and manage route alignment and intervention works. The morphological information of the sea bottom acquired in a digital form is used to create a data base to be used for further processing activities. The stored data allow, after a pre-selection of possible route alternatives, the generation of automated profiles for the subsequent stress analysis ( figure 12 ). Owing to the high degree of automation, several route alternatives can be compared in a short time. Maps and three-dimensional drawings of the seabed, including bathymetric lines, morphological elements and pipeline routes relevant to each alternative, as well as pipe-seabed profiles and alignment sheets, are automatically produced at the requested scale. Notwithstanding any route optimization effort, free-spanning sections of the pipeline induced by the seabed roughness can often be unavoidable. In these cases, free-span assessment becomes one of the main design steps. The assessment of free-spanning pipeline integrity requires the following criteria to be addressed:
-strength check, according to the applicable codes, against the stress and strain resulting from the combination of permanent (from seabed roughness), functional (flow assurance) and environmental (current and waves) loads; and -fatigue damage check, to be assessed considering load cycles and dynamic response due to vortex shedding and direct surface wave actions as well as the applicable S-N (stressnumber of cycles) curve for the girth welds.
In general terms, the design approach required to verify the satisfaction of strength and fatigue criteria of a free-spanning pipeline includes the following steps:
-a static analysis to obtain the static configuration and stress of the pipeline; -an eigenvalue analysis, which provides natural frequencies and corresponding modal shapes for in-line and cross-flow vibrations modes; and -a response analysis, which evaluates the pipeline response to VIV and direct waves and calculates stress amplitude for the evaluation of the environmental contribution to strength check and for the calculation of fatigue damage.
The static analysis is nowadays always performed with a dedicated finite element model (FEM) program. The strength check against permanent and functional loads is then calculated by a proper post-processing (depending on the applicable design criteria and code) of the bending moment, axial force, stress and strain resulting from the static FEM analysis. Conversely, the dynamic contribution of the environmental loads to the strength check and to the fatigue check might still be assessed with different approaches, which basically differ from the methodology applied for the definition of the modal parameters (frequency and modal shape). Basically two different approaches can be used depending on the pipeline free-span configuration:
-the parametric single-span approach; and -the multi-span approach based on FEM analysis on the actual bottom roughness [48, 49] . Figure 13 shows the intervention works, realized by gravel heaps, that were necessary to correct the bottom-pipeline configuration in order to avoid unacceptable bending moment. The intervention works have to be pre-lay in case of unacceptable stress found in as-laid configuration and can be post-lay if unacceptable stresses are found in flooding, hydrotest or operative conditions. Additional gravel intervention works could be necessary to correct free spans that do not originate an unacceptable bending moment but are expected to develop excessive fatigue damage by cyclic vibrations during the life of the pipeline.
In the past 15 years, based on the North Sea experience, a three-dimensional advanced FEM tool, based on standard structural codes such as ABAQUS, has been developed to properly model the upheaval, the lateral turning down and the lateral buckling development at the shoulders of free spans of pipelines subject to high pressure and high temperature conditions, as indicated in [51] .
(d) Modal analysis
The modal/eigenvalue analysis is performed by linearizing the structural behaviour around the deformed pipeline configuration with regard to the applied load conditions and the stiffness of the elements resembling the pipe-soil interaction. The stiffness of elements resembling pipe-soil interaction is derived from the dynamic soil stiffness per unit length (axial, lateral and vertical) taking into account the effective pipe-soil contact length as evaluated from the static analysis. For each pipe element, the added mass coefficient is calculated accounting for the local value of seabed proximity; see as an example figure 14 .
The calculation of the eigenvalues and associated eigenvectors is based on the solution of the classical homogeneous system. The eigenvalue analysis is performed separately in the vertical and horizontal planes, uncoupled. The method is based on the search for the eigenvalue that annuls the determinant and uses the properties of the Sturm series to properly count the eigenvalues. This approach is particularly efficient due to the banded nature of the dynamic stiffness matrix of a pipeline. Special care needs to be paid to the potential occurrence of very close eigenvalues, especially as concerns the identification of correct eigenvalues and associated eigenvectors, owing to the presence of many free spans that have quite close eigenvalues and eigenvectors. On this basis, Vitali et al. [48] implemented a program with advanced techniques, checking the zero of the determinant, using the orthogonal property of the eigenvectors and calculating Rayleigh's quotient. After the modal analysis, some auxiliary parameters are also calculated for each mode/eigenvector, in order to determine pipeline response to vortex shedding, such as the equivalent mass and the mode shape weighting factor [28] . The soil contribution to modal damping is determined by inserting viscous dashpots in parallel with springs resembling soil-pipe contact.
(e) Free-span dynamic response to hydrodynamic loads
Once the modal response of the free-spanning pipeline is known, the response to VIV or direct wave action is normally assessed according to the response model (for VIV) and force model (for direct surface wave actions) given in [28] . Response and force models can be applied to evaluate the stress amplitude under extreme load conditions (for instance, 100 year return period of current and wave) or under a long-term probability distribution of current and waves. The former is used to calculate the environmental contribution for the strength check (local buckling ultimate limit state, ULS); the latter is used for the assessment of long-term fatigue damage.
The dynamic analysis of a free-spanning pipeline should be performed according to the response models (VIV) and force model (direct surface wave action) as stated in [28] . A tool has been developed by Vitali et al. [48] performing fatigue damage analysis, fatigue screening check and calculation of environmental bending moment for ULS checking. The main structural parameters adopted as input for the analysis are the natural frequency, the mode shape (normalized stress amplitude, mode shape weighting factor, etc.), the equivalent mass and the modal damping. It incorporates an interface that allows extracting and loading all the modal parameters for each vibration mode directly from the output of the modal analysis program. As such, it allows one to perform a full dynamic analysis accounting for isolated or interacting spans (multi-span), single-mode or multimode response, cross-flow, in-line and cross-flow induced inline VIV and response to direct surface wave action. The accumulated fatigue damage (or the marginal fatigue life capacity) is evaluated accounting for the environmental loads described in terms of scatter diagrams of the short-term sea states (wave significant height and peak period) and three-parameter Weibull distribution of steady current at the pipeline level.
The environmental bending moment for ULS and screening checks are instead calculated for the input extreme values of sea state and current. The wave-induced velocity spectrum at the pipe level is obtained through a spectral transformation of the waves at sea level using a firstorder wave theory and accounting for wave spreading and directionality. Wave and currents are combined by integrating each sea state over the long-term current distribution.
(f) Fatigue damage assessment
Fatigue analysis of free spans usually involves two activities: the definition of load variations in number and intensity, and the calculation of cumulative fatigue damage using Miner's rule and the appropriate S-N curve. For offshore pipelines or tubulars, synthetic load histories are generally built on the basis of the long-term distribution of sea states. In some circumstances, the load history may not be important, for instance for deep-water pipelines, where loads are generally due to vortex shedding caused by the impact of a steady near-bottom current. This gives rise to a sequence of blocks of stress cycles of equal amplitude. Therefore, it becomes necessary to calculate the number and the time duration of each block from the long-term distribution of near-bottom currents.
In offshore pipeline technology, as indicated in [52] , the F1 and D class S-N curves are used for the weld root and for the weld cap, respectively. These curves are based on experimental tests performed in the 1970s for offshore tubulars of platforms and by recent full-scale tests performed for steel catenary risers for deep-water applications. Figure 15 shows an example of the accumulated fatigue damage calculated using Miner's rule and [53] S-N class curves.
Some experiences on pipeline inspection
Periodic pipeline investigation is fundamental to prevent any risk of failure and to guarantee the safe condition of the pipeline over its whole operating life. Routine inspection and monitoring aim to ensure that: -pipelines do not became defective or damaged; -damage or defects are detected before they cause a serious problem.
Some examples of pipeline inspections, chosen as representative of typical scenarios described above, are now presented. The gas Transmed pipeline system joining Algeria to Italy includes five lines crossing the Sicily Straits from Cape Bon (Tunisia) to Cape Feto (Italy). The Northern Route maximum slope is about 40%, whereas the Southern Route is about 35%. The maximum water depth is about 600 m. The bottom lithology in the platform areas mainly consists of sand sediments with clayey inclusions. Generally, the seabed sediment in the deep section consists of soft silt. Figure 16a shows the bottom of pipe and seabed profiles for two pipeline inspections in 2000 and 2008. The pipeline profile does not change since the nature of the soil is typical of soil with high bearing capacity. The free-span scenario is time-invariant since it was frozen shortly after laying by gravel intervention works installed to correct the sea bottom-pipeline configuration in order to avoid over-bending and to interrupt too long free spans. Intervention works can be identified in figure 16a by the spikes arriving above the bottom of pipe level. In such cases, the whole range of operational conditions should be checked, as any combination may be governing for the free-span design. Figure 16b shows a typical scour-induced free span for a pipeline laid on a sandy sea bottom. Once the free span was generated, it propagated along the pipeline reaching a length of about 25 m (1997). In 2008, the span length was about 40 m. This scenario is typical of intermediate water with medium-to-low hydrodynamic action. The development of free spans is very slow, and limited or absent self-lowering can be expected. In such conditions, the exposure time may be taken as the remaining operational lifetime or the time duration until possible intervention works will take place. Owing to risk of failure for accumulated fatigue at KP 9275 m, an intervention work was completed in 2011 as shown in figure 16c .
The Blue Stream project, the gas pipeline system joining Russia to Turkey, includes two pipelines crossing the Black Sea. Along the E1 and W2 pipeline routes, the investigation limits have been subdivided into sections or sub-areas. The Turkish Continental Shelf (EKP 354.9-378.5 and WKP 361.9-385.5) is the most interesting for scour-induced free span. A terraced shelf slope follows the plateau between 100 and 12 m water depth. The slope has an angle varying approximately between 1 • and 3 • . Figure 17 shows the E1 pipeline profile between KP 380.26 and KP 380.36 at approximate water depth of 37 m. A free span generated in 2000 propagated along the pipeline, reaching a length of about 30 m (inspection of 2003, figure 17a ). In such a situation, free-span length is governed by various effects: (i) changing flow conditions, (ii) changing soil conditions, (iii) sinking at span shoulder and (iv) sagging of the pipeline into the scour hole. Figure 17c shows that when the pipe reached the bed the length of the free span was cut in half. As soon as the gap between the pipe and the bed was closed, the backfilling process starts. The downstream side of the pipe was filled with the sediment forced by lee-wake erosion. Pipe sinking at span shoulder is caused by soil failure.
In the North Sea, the Åsgard Transport (ÅT) system consists of an export riser base (ERB) at the Åsgard B platform, a 73 m 28 inch diameter pipeline to the ERB spool, a 28 inch/42 inch transition piece, a 684.1 km 42 inch diameter offshore pipeline and a shore approach at Kalstø. Scouring occurred during the operating life of the offshore pipeline and a free span developed. The span growth velocity was estimated in the order of tens of metres per year. Within about 10 years of operative conditions, the scour process would come to an end and the so-called backfilling process would start. As an example, considering the results of the 2010 survey, the backfilling process is observed for KP 267.595 ( figure 18 ). Hence, it can be reasonably assumed that any free span in a sandy seabed has already developed and disappeared.
Conclusion
In many deep-water pipeline projects, free spans are one of the major challenges. The combination of uneven-erodible seabed, near-seabed hydrodynamics and sediment transport and related, costly span intervention works requires large effort towards free-span interpretation. In the case of seabed unevenness, the location where a span occurs is fixed and a detailed route optimization is necessary to minimize free spans and stress on the pipeline and to reduce the need for mitigation works. When the pipeline is laid on an erodible seabed, a span may exist in most locations, changing in location and time.
The evaluation of the fatigue accumulated by an evolving free span should be calculated considering the actual environment causing its development. Some experiences in the North Sea revealed that the main part of the fatigue is accumulated during the latter part of its life when its length is maximum and caused by the same storm causing its disappearance, i.e. fatigue accumulation and storm occurrence are strictly correlated in time.
The outcome of the R&D efforts and project experiences of more than 30 years as concerns design criteria and analysis methodology has been discussed. The paper is meant to give a focus on some aspects within the design of pipelines with free spans. It illustrates various themes related to free-span analysis: (i) the characterization of the environment as driving factor, (ii) the hydrodynamic loads and erosion around a pipeline laid on an erodible seabed, and (iii) the criteria and analysis module for design, static and dynamic. Some examples of pipeline inspection, chosen as representative of typical scenarios, are presented. It is not the intention to give a comprehensive overview, but some of the information given should be beneficial for engineers involved in pipeline design.
